Abstract. Malaria is endemic in Senegal. The national malaria control strategy focuses on achieving universal coverage for major interventions, with a goal of reaching preelimination status by 2018. Senegal began distribution of insecticide-treated nets (ITNs) and introduced artemisinin-based combination therapy in 2006, then introduced rapid diagnostic tests in 2007. We evaluated the impact of these efforts using a plausibility design based on malaria's contribution to all-cause under-five mortality (ACCM) and considering other contextual factors which may influence ACCM. Between 2005 and 2010, household ownership of ITNs increased from 20% to 63%, and the proportion of people sleeping under an ITN the night prior to the survey increased from 6% to 29%. Malaria parasite prevalence declined from 6% to 3% from 2008 to 2010 among children under five. Some nonmalaria indicators of child health improved, for example, increase of complete vaccination coverage from 58% to 64%; however, nutritional indicators deteriorated, with an increase in stunting from 16% to 26%. Although economic indicators improved, environmental conditions favored an increase in malaria transmission. ACCM decreased 40% between 2005 and 2010, from 121 (95% confidence interval [CI] 113-129) to 72 (95% CI 66-77) per 1,000, and declines were greater among age groups, epidemiologic zones, and wealth quintiles most at risk for malaria. After considering coverage of malaria interventions, trends in malaria morbidity, effects of contextual factors, and trends in ACCM, it is plausible that malaria control interventions contributed to a reduction in malaria mortality and to the impressive gains in child survival in Senegal.
INTRODUCTION
Malaria is endemic throughout Senegal, where 100% of the population is at risk of infection, and has historically been a leading cause of morbidity and mortality across the country. Senegal is split into four malaria epidemiological zones based on parasite prevalence. Malaria epidemiological zones are characterized by very low transmission in the north, low transmission in the center, and moderate transmission in the south (Figure 1 ). In the capital, Dakar, malaria transmission is very heterogeneous, representing a separate epidemiological zone. According to routine data collected by the National Malaria Control Program (NMCP) in 2010, annual incidence of confirmed malaria cases reported by health facilities ranged from less than 5/1,000 persons in the Sahelian north to greater than 100/1,000 persons in the more tropical southeast. Plasmodium falciparum is the major malaria parasite species, accounting for 99% of all infections, with Plasmodium malariae and Plasmodium ovale making up the remaining 1%. The main vector species are Anopheles gambiae s.s., Anopheles arabiensis, Anopheles funestus, and Anopheles melas, depending on rainfall and the presence of permanent sources of water.
Although the Ministry of Health has supported malaria control efforts for many years, the advent of the Roll Back Malaria (RBM) Partnership in 1998 galvanized the NMCP into developing a series of coordinated plans and intervention programs. The country's current strategy, with a goal of reaching preelimination status by 2018, is focused on achieving universal coverage of effective malaria interventions: insecticide treated nets (ITNs) and/or indoor residual spraying (IRS), intermittent preventive (IPTp), malaria diagnostic testing, predominantly through rapid diagnostic tests (RDTs), and appropriate treatment of all malaria cases with recommended therapy, artemisininbased combination therapies (ACTs). Seasonal malaria chemoprevention and reactive case detection have been recently introduced in specific geographic areas.
Senegal progressively introduced these interventions over several years. The NMCP began to accelerate malaria control implementation in 2006 by increasing the availability of highly subsidized ITNs and the introduction of ACT. Introduction of RDTs followed in 2007 and they, like ACTs, were rolled out first at the health facility level and then at the community level (Table 1 ). The introduction of RDTs led to changes in malaria case definition, from a clinical diagnosis based on symptoms alone, to one based on both clinical assessment and parasitological confirmation. IRS also started in 2007 in three districts and increased to six districts in 2010, covering approximately 8% of the national population. In 2008, the NMCP introduced home-based management of malaria (PECADOM) with RDTs and ACTs in remote villages, and scaled up to 841 villages by 2010. Also in 2008, a subnational distribution of long-lasting insecticidal nets (LLINs) targeting children under-five was conducted, followed by a nationwide distribution campaign targeting the same age group in 2009. In 2010, the NMCP adopted a strategy of universal coverage of LLINs, and the four highest transmission regions (in southern Senegal) were the first to be targeted for universal coverage during mass LLIN distribution in 2010. During the 6 year period from 2005 to 2010, a total combined budget of $103 million was committed to malaria control from government, multilateral, and bilateral sources (Figure 2 ).
The introduction of RDTs, and the requirement of parasitological testing to confirm cases, resulted in a pronounced decrease in the number of cases of malaria detected and reported from health facilities. The number of ACT treatments prescribed also decreased as confirmatory testing reduced overprescription of ACTs. At the health facility level, a suspected malaria case is defined as a patient with fever or history of fever without symptoms indicative of another febrile illness. The proportion of suspected malaria cases tested at health facilities reached 80% within a year of RDT introduction. From 2008 on, the number of cases treated with ACTs at health facilities closely tracked the number of cases confirmed by RDT. 1 The period 2005-2010 also saw a number of efforts aimed at improving maternal and child health beyond those focused on malaria control. The Ministry of Health and its partners supported a number of interventions including the treatment of diarrhea with oral rehydration salts (ORS) and zinc, expanded immunization coverage, and improved access to and use of family planning. In addition to these ongoing initiatives, Senegal also conducted a number of mass campaigns such as polio immunization days, administration of antihelminthics, and vitamin A supplementation.
In conjunction with the RBM Partnership, the President's Malaria Initiative, Senegal's NMCP, and other partners conducted an evaluation of the impact of national malaria control efforts for the period 2005 to 2010, given the time frame of the rapid scale-up of malaria control interventions and availability of high quality survey data. The objective of the evaluation was to assess whether a decline in malaria-related morbidity and all-cause under-five mortality (ACCM) could be plausibly associated with malaria control activities. 2 
METHODS
Evaluation design. As recommended by the RBM Monitoring and Evaluation Reference Group, 3 the evaluation is based on a before-and-after assessment, which uses a plausibility evaluation design that measures changes in malaria intervention coverage, malaria-related morbidity, and all-cause mortality while considering other contextual determinants of child survival to plausibly attribute the impact of malaria control interventions on ACCM. The rationale of this evaluation design, impact measures and indicators are discussed elsewhere in this supplement. 4 Evaluation timeline. The timeframe selected for this evaluation was the period 2005-2010, representing the period of rapid increase of malaria control interventions and corresponding to the Ministry of Health's Strategic Plan for Malaria Control 2006-2010. 5 Four national household surveys were conducted at several points during this time period (2005, 2006, 2008, 2010) to monitor trends in intervention coverage and evaluate the impact on morbidity and mortality. Mortality is calculated over the previous 5 years, approximating mortality at the midpoint of the period. Although a continuous Demographic and Health Survey (DHS) was started in 2012, no data were available at the time of this evaluation.
Data sources and definitions. In Senegal, the major effort to scale-up malaria control interventions began in 2006. The preintervention period is defined as the period 2000-2005 for 7 The main sources of data for this assessment, therefore, are these two DHS, as well as two Senegal Malaria Indicator Surveys (MIS), conducted in 2006 8 and 2008. 9 The basic morbidity measures for malaria burden are severe anemia and parasite prevalence among children 6-59 months of age. Changes in malaria-related anemia over time are tracked by the prevalence of severe anemia (hemoglobin concentration < 8 g/dL).
Both DHS and MIS also provided information regarding intervention coverage and contextual factors (factors which may influence transmission of malaria or ACCM). These surveys also provided the information on the wealth quintiles, an approximation of the socioeconomic status of the households. 10 ITN coverage measures from surveys included household ITN ownership, population access to an ITN, and population sleeping under an ITN, as well as a combined vector control intervention measure of household ITN ownership or IRS. IRS was not considered independently as it was implemented in a limited number of districts. Malaria diagnostic testing was assessed through the proportion of febrile children who underwent a finger or heel stick. Malaria treatment coverage was assessed by the proportion of febrile children who received any antimalarial and the proportion who received an ACT. Contextual factors included interventions for other conditions (ORS, immunizations, breastfeeding, and vitamin A supplementation), prevalence of other diseases (pneumonia and diarrhea), and nutritional status indicators (stunting, underweight, and wasting).
In addition, the evaluation used data from the NMCP's routine malaria information system to examine temporal trends in malaria morbidity and mortality. This system compiles data on the number of total patients, suspected cases, tested cases, confirmed cases, hospitalized cases of confirmed malaria, and deaths due to confirmed malaria reported to the NMCP on a quarterly basis by public health facilities, including hospitals. These data are further validated through a system of quality checks during supervision and through quarterly peer review. Incidence of malaria per thousand (unadjusted for consultation, testing, or reporting rates) is defined as the total number of confirmed cases of malaria reported by health facilities in each district divided by the estimated population of each district, multiplied by 1,000. Proportional malaria mortality is defined as the number of deaths in hospitalized patients with confirmed malaria divided by all in-hospital deaths. Malaria case fatality rate is defined as number of deaths among inpatients with confirmed malaria divided by the number of confirmed malaria hospitalizations.
The evaluation also considered contextual factors using data from a variety of supplemental sources. Some of the additional data sets included: Case management. Among mothers who reported their children had fever in the last 2 weeks, the proportion that reported their child had a finger or heel stick, a proxy for received a malaria diagnostic test, increased from 5% in 2008 to 10% in 2010 (P = 0.001). Increases were significant across epidemiologic zones, socioeconomic status, and urban/rural residence, although actual percentages remained fairly low. The greatest increases were among the wealthiest quintile (4-14%), in Dakar (4-12%), and among urban dwellers (4-10%), but the testing rate in the high transmission southern zone was the same as Dakar in 2010 (12%) ( Table 3) .
RESULTS

Trends in
Among children with fever in the previous 2 weeks, receipt of any antimalarial Change in malaria related morbidity. Data from household surveys. As measured in the household surveys, prevalence of severe anemia in children under five decreased from 20% in 2005 to 14% in 2010 (P < 0.001). Significant decreases were noted across all wealth quintiles and all epidemiologic zones except the south. Malaria parasite prevalence among children under five also decreased, from 6% in 2008 (the first year it was measured) to 3% in 2010. It decreased significantly among the poorest two wealth quintiles. A reduction in malaria parasite prevalence was noted in all zones except Dakar, with the greatest decrease in the south (high transmission), followed by the center (moderate transmission). Although parasite prevalence did not decline significantly among children 6-11 months, it decreased significantly among children 12-23 months and 24-59 months (Table 4) .
Data from routine information systems. Although the na- ACCM decreased among all wealth quintiles, with significant decreases found in the poorest three quintiles, with decreases of 41% (162-96 per 1,000 live births), 48% (144-74), and 41% (117-69) in the poorest, fourth, and middle wealth quintiles, respectively (P < 0.001 for all). Significant decreases were observed in all epidemiologic zones, but the greatest decreases were in the zones with the highest malaria transmission: the center (45%, from 123 to 68 deaths per 1,000 live births) and the south (42%, from 165 to 96 deaths per 1,000 live births). Mortality decreased significantly among all age bands except neonatal (0-28 days), with the greatest decreases among children 24-59 months (59%) and 12-23 months (57%) ( Table 6 ).
Data from the routine information systems. From 2001 to 2009, malaria proportional mortality decreased from 30% to 4%, likely reflective of both the improved coverage of interventions as well as the roll out of diagnostic testing. During the same period, the case fatality rate decreased from 6% to 3% (Figure 4) . Although the total number of deaths reported by health facilities did not change between 2005 and 2010, from 2007 on, the number of deaths due to malaria decreased while still maintaining seasonal peaks that coincided with expected trends in malaria transmission ( Figure 5 ). These data represent patients hospitalized at district health centers (N = 76) and publicly supported referral hospitals (N = 23), with near total completeness of reporting.
Change in contextual factors. Economic growth. Annual gross domestic product per capita in Senegal increased from USD$492 to USD$1,055 over the past decade.
Other health interventions. During the period 2005-2010, the proportion of children who received ORS for treatment of diarrhea increased from 15% to 22%. Complete immunization coverage increased from 58% in 2005 to 64% in 2010 (P < 0.001). Early initiation of breastfeeding increased from 23% to 48% (P < 0.001). Vitamin A supplementation increased from 74% to 79% (P < 0.001). The prevalence of pneumonia decreased from 13% to 5%, whereas the prevalence of diarrhea remained similar, at 22% and 21%, respectively, in 2005 and 2010. However, nutritional indicators deteriorated, with an increase in stunting from 16% to 26%, and an increase in wasting from 7% to 10% (Table 7) .
Environmental influences on malaria. The plausibility argument set forth by Rowe and others 3 and adopted by the RBM Monitoring and Evaluation Reference Group suggests the impact of malaria control can be inferred when data show a scale-up of interventions and a subsequent decline in ACCM, while considering or controlling for contextual factors. This plausibility can be further substantiated when the relationship between interventions and mortality decline holds up across different populations and epidemiologic zones.
At the national level in Senegal, coverage of the major malaria control interventions was expanded considerably between 2005 and 2010. Household ownership of ITNs increased from 20% of households to 63%, and the proportion of the population sleeping under an ITN likewise increased from 6% of the population to 29%. Coverage of both IRS and IPTp treatment during pregnancy, while protecting smaller populations, both increased substantially from 2005 to 2010. Although improvement in case management is difficult to measure using household surveys in a low incidence country during scale-up of routine use of parasitologic diagnostic tools, health facility data collected by the NMCP indicated that more than 90% of suspected cases received a diagnostic test in 2010.
In this same time frame, at the national level, Senegal saw a 50% decline in parasite prevalence and a 40% decline in ACCM, while surveillance data showed a decrease in proportion of consultations due to malaria from 34% to 3%, and a decline in proportion of deaths due to malaria from 19% to 4%. To some degree, the decline in malaria-specific cases and deaths may be related to introduction and rapid uptake of RDTs and change in case definition to require parasitologic confirmation. However, the consistent declines across these Source: NMCP Senegal. * Cases confirmed by RDT in outpatients and microscopy in inpatients, the majority being confirmed by RDT. † The Normalized Difference Vegetation Index (NDVI) is the ratio between the difference of red and near-Infrared (NIR) divided by the sum of red and near-infrared reflectances. The index provides some information on healthy vegetation by examining their difference in wavelength absorption and reflectance. Healthy vegetation growth, such as forests, will yield high NDVI values closer to 1 while low vegetation will yield values close to 0.2. ‡ To compute the WASP index, monthly precipitation departures from the long-term (30-year) average are obtained and then standardized by dividing by the standard deviation of monthly precipitation. The standardized monthly anomalies are then weighted by multiplying by the fraction of the average annual precipitation for the given month. These weighted anomalies are then summed over a 12-month period.
impact indicators suggest Senegal was successful in controlling malaria over the 5 year period.
Considering contextual factors supports the hypothesis that malaria interventions contributed to a decrease in ACCM as it is not clear these other factors could account for all of the decrease in mortality. Although economic growth in the country may have contributed to the decline in child mortality, the causal pathway is less well-defined and this study did not attempt to measure this relationship. Improvement in economic and sociodemographic indicators in the communities may have contributed to progress in maternal and child health, as illustrated by progress in ORS utilization and immunization rates among children. Although there was a substantial reduction in the proportion of children under five who had symptoms of pneumonia in the previous 2 weeks, possibly due in part to the introduction of Haemophilus influenza b vaccine in 2005, the proportion with diarrhea did not change, and the gains may have been offset by worsening nutritional status. Although most of the changes in the contextual factors were positive, with the exception of nutritional status, the magnitude of positive change in intervention coverage levels for other child survival activities is relatively small, and does not match the magnitude of the increase of malaria control activities. The increase of key interventions for malaria control appears as the most likely factor to explain the observed reductions.
The relationship between intervention coverage and morbidity and mortality declines is further supported when the data were analyzed by epidemiologic zones. Central and southern Senegal are the zones with the highest transmission of malaria, where one would expect to see higher malariarelated morbidity and mortality. Following expanded coverage with ITNs, the surveys show higher ownership and use of ITNs in these same zones, particularly among children under five ( Figure 3B ). Following the mass distributions of ITNs, the levels of parasitemia in children under five fell from 7% to 4% in the center zone and 21% to 8% in the south, and ACCM fell from 123/1,00 live births to 68/1,000 live births in the center and from 165/1,000 live births to 96/1,000 live births in the south, zones with the greatest potential to benefit from increased intervention coverage. Routine health facility data on malaria also demonstrated substantial decreases in the number of confirmed malaria cases among children under five in the southern zone, while remaining stable in the rest of the country.
The data were also analyzed by wealth quintile to look at the impact of malaria control on the poorest populations. Although there were substantial changes in ITN ownership across all wealth quintiles in the analysis, the largest increases were seen in the two poorest categories, where greater than 75% of homes owned at least one ITN by 2010. High levels of ownership translated into high levels of use in these same two lowest wealth quintiles. Among children under five, there was a significantly greater increase in ITN use among the poorest populations than that seen among the wealthy ( Figure 3A) . The impact of this dramatic increase of ITN use among the poor resulted in a corresponding decline in parasitemia in the same subpopulations. Parasitemia in children under five declined from 16% to 6% among the poorest children, and from 7% to 2% among the next poorest group, as compared with the middle and wealthiest quintiles where declines were not observed. Declines in ACCM were also greatest among the three poorest quintiles, with percentage reductions in ACCM of greater than 40% in all three groups. The proportionally greater reductions in both morbidity and mortality among the socioeconomic groups who also benefited from the greatest increases in ownership and use of ITNs contribute to the evidence that malaria control influenced impact on child health in Senegal.
Despite the large increases in intervention coverage from 2005 to 2010, and distribution of ITNs in such a way that increased access most for the poorest and those at highest risk, intervention coverage remained suboptimal in 2010. Subsequent cross-sectional surveys have demonstrated slow but steady improvements in ITN access, IPTp, and diagnosis with RDTs since 2010.
Limitations of this study include those inherent to this evaluation design, including the timing of measuring intervention coverage to mortality measures, no quantification of malaria control's contribution to declines in all-cause mortality, and factors potentially affecting ACCM which were not covered in our data sources. There are some limitations which may be specific to Senegal. The case definition changed from clinical to parasitologically confirmed during the period of the evaluation, with a suspect case defined as one without clinical evidence for an alternate fever source (resulting in a lower proportion of children with fever to be tested according to policy). In addition, in a low burden country and in the context of rapidly increasing use of diagnostic confirmation, very few febrile children who are tested test positive, and thus the indicator of proportion of children under five with fever in the past 2 weeks who received an antimalarial should be low and show a decreasing trend if providers are adhering to test results, making it difficult to ascertain the contribution of correct case management.
During the period 2005-2010, Senegal successfully expanded coverage of four proven interventions for malaria control, simultaneously achieving higher levels of coverage of preventive interventions, and improving access to prompt and appropriate care and treatment. During that same period, ACCM declined significantly on a national level, and declines were greater among the epidemiologic zones and socioeconomic quintiles that are most at risk for malaria and have the greatest potential to benefit from improved access to these interventions. After considering the potential effects of many contextual factors such as environmental trends or other maternal and child health interventions, it is plausible that effective malaria control contributed significantly to the impressive gains in child survival demonstrated by Senegal between 2005 and 2010.
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